Introduction Functional MRI (fMRI) can assess language lateralization in brain tumor patients; however, this can be limited if the primary language area-Broca's area (BA)-is affected by the tumor. We hypothesized that the middle frontal gyrus (MFG) can be used as a clinical indicator of hemispheric dominance for language during presurgical workup. Methods Fifty-two right-handed subjects with solitary lefthemispheric primary brain tumors were retrospectively studied. Subjects performed a verbal fluency task during fMRI. The MFG was compared to BA for fMRI voxel activation, language laterality index (LI), and the effect of tumor grade on the LI. Results Language fMRI (verbal fluency) activated more voxels in MFG than in BA (MFG = 315, BA = 216, p < 0.001). Voxel activations in the left-hemispheric MFG and BA were positively correlated (r = 0.69, p < 0.001). Mean LI in the MFG was comparable to that in BA (MFG = 0.48, BA = 0.39, p = 0.06). LIs in MFG and BA were positively correlated (r = 0.62, p < 0.001). Subjects with highgrade tumors demonstrate lower language lateralization than those with low-grade tumors in both BA and MFG (p = 0.02, p = 0.02, respectively). Conclusion MFG is comparable to BA in its ability to indicate hemispheric dominance for language using a measure of verbal fluency and may be an adjunct measure in the clinical determination of language laterality for presurgical planning.
Introduction
Blood-oxygen-level-dependent functional MRI (fMRI) is increasingly used to map neuronal activation in the motor and language cortices prior to neurosurgery [1, 2] . For the purpose of language mapping, fMRI serves to both localize and lateralize speech. When the goal is to localize speech, fMRI provides functional language mapping of eloquent cortices that guides intraoperative direct cortical stimulation (DCS). For the purpose of lateralization, the noninvasive fMRI of language areas rivals the invasive WADA test in its ability to assess which hemisphere is dominant for speech [3] [4] [5] [6] . However, the presence of abnormal tumor neovasculature and resultant neurovascular uncoupling often leads to a decrease in volume of fMRI activation ipsilateral to the tumor [7] . Because fMRI language lateralization is a volume-dependent ratio comparison of activated voxels between the left and right hemispheres, the muted blood-oxygen-level-dependent (BOLD) response ipsilateral to the tumor can lead to the inaccurate determination of hemispheric dominance, known as Bpseudo-reorganization [ 7, 8] . As a result, developing alternate strategies for using fMRI data to declare hemispheric dominance for language is essential to the presurgical workup.
One indicator of language laterality is activation in primary language areas like Broca's area (BA) and Wernicke's area, which can be evaluated using a fMRI region of interest (ROI) approach [3, 9, 10] . However, secondary areas (termed only in contrast to putative primary areas) like the supplementary motor area, supramarginal, and angular gyri are well-known participants in the dominant speech network as well. Currently, secondary language areas only factor insomuch as they contribute additively to the measure of hemispheric language dominance. As language mapping using fMRI matures, focus on a network of language areas including both primary and secondary regions is gaining favor [11] .
The middle frontal gyrus (MFG), located just superior to BA, is a well-known secondary language area. Previous functional imaging studies have shown that the MFG is involved in expressive language processes including semantics [12] , grammar and syntax [13] , verbal fluency (e.g., generation of words beginning with a specific letter) [14] , and verbal working memory [15] . Verbal working memory and language production are implicitly linked, as verbal working memory is necessary in the maintenance and sequential output of expressive language [16, 17] . The MFG is also widely attributed to a variety of other cognitive functions in part as a result of its broad anatomical span in the frontal lobe [18, 19] . Earlier studies had noted that the MFG consistently activates during fMRI language tasks [6, 20, 21] . We, too, noticed during our clinical practice that the MFG often activates along with or instead of BA. Because of this observation and the fact that working memory is inherent in most typical fMRI speech lateralization protocols, we hypothesized that MFG may be used as an indicator for language hemispheric dominance in brain tumor patients. We further hypothesized that in clinically difficult cases, where a tumor may possibly be causing false-negative activation in BA, the MFG may be used as surrogate to identify language lateralization when using a measure of verbal fluency.
Methods Subjects
This anonymized retrospective study was reviewed and exempted by the Memorial Sloan-Kettering Cancer Center Institutional Review Board. Fifty-two subjects with solitary left-hemispheric primary neuroepithelial tumors were studied. All subjects were native English speakers, cognitively intact, and determined to be 100 % right handed by the Edinburgh Handedness Inventory [22] . Subjects were randomly selected from a database of patients referred for preoperative fMRI between April 2009 and July 2014 as necessary to meet the inclusion criteria. Subjects were selected before analysis. Subjects had no pre-existing language impairment per chart review. Subjects that were unable to perform fMRI language tasks without difficulty were excluded, as judged by their clinical status and task participation (see BMethods^section: fMRI Activation Task for information on task participation). WHO grade I and II tumors were classified as low grade (n = 21), and WHO grade III and IV tumors were classified as high grade (n = 31). Twenty-six subjects had tumors involving the frontal lobe. Patient demographics are shown in the Supplementary Table (online).
Data acquisition
Each subject received an fMRI scan as part of the routine presurgical workup. Scanning was performed on 1.5-and 3-T scanners (GE Healthcare, Milwaukee, Wisconsin) using an eight-channel head coil. fMRI data were acquired with a single shot gradient echo echo-planar imaging (EPI) sequence (repetition time/echo time (TR/TE) = 4000/35 ms, field of view ( F O V ) = 2 4 0 × 2 4 0 m m , f l i p a n g l e = 9 0°, matrix = 128 × 128 voxels, thickness = 4.5 mm, no skip, EPI voxel size = 1.875 × 1.875 × 4.5 mm). Three-dimensional T1-weighted images were acquired with a spoiled gradient-recalled echo sequence (TR/TE = 22/4 ms, FOV = 240 × 240 mm, flip angle = 30°, matrix = 256 × 256 voxels, thickness = 1.5 mm).
fMRI activation task
Subjects performed verbal fluency (letter) task [23] as part of the presurgical language task panel. During the letter task, subjects generated words that began with the presented letter (example: subject was presented with the letter BA^and may generate words such as Bapple,^Bapron,^or Bashtray^). A block design was used in accord with previous practices designed to evaluate the language system [24, 25] . There were 90 images in total, consisting of five images during activation (20 s) followed by ten images during rest (40 s) repeated six times (6 min total). Subjects were provided oral instruction before the commencement of the task as a whole and before each activation epoch. Subjects were monitored continuously while performing the task. Subject participation was confirmed using real-time imaging software, which provided real-time acquisition, processing, and display of functional results (Brainwave RT, GE Healthcare, Milwaukee, Wisconsin).
fMRI data analysis
Image processing and analysis were performed using Analysis of Functional Neuroimaging (AFNI, Cox, NIH). Head motion correction was performed using a 3D rigid-body registration. Spatial smoothing (Gaussian filter 4-mm full-width half-maximum) was applied to improve the signal to noise ratio. Additionally, linear trend and high-frequency noise were minimized where necessary. Statistical parametric maps were generated using a cross-correlation analysis, and signal changes over time were correlated with a mathematical model of the hemodynamic response to neural activation [26] . A modeled waveform corresponding to the task performance block was cross-correlated with all pixel time courses on a pixel-by-pixel basis to identify stimulus-locked responses [26] . Functional activation maps were generated at p < 0.001 (uncorrected). To reduce false-positive activity from large venous structures or head motion, voxels in which the standard deviation of the acquired time series exceeded 8 % of the mean signal intensity were set to zero [27] .
Using high-resolution anatomical images, ROIs of BA and MFG for each subject were drawn. ROIs were drawn by a trained language fMRI specialist with >15 years of experience (NB). ROIs were then reviewed and approved by a boardcertified neuroradiologist with >20 years of experience (AH). The BA ROI included pars triangularis and pars opercularis bounded by the inferior frontal sulcus superiorly. The MFG ROI was bounded by the precentral sulcus posteriorly, the inferior frontal sulcus latero-inferiorly, and the superior frontal sulcus medially and superiorly. The measured ROI data were imported into Matlab (The Mathworks Inc, Natick, Massachusetts) for analysis.
Voxel activation in MFG versus BA
In each subject, activated voxels in the left MFG and BA were compared. The mean activated voxels in the MFG and BA were calculated, and significance testing was performed using the Wilcoxon signed-rank test. The possible relationship of voxel count between the MFG and the BA was displayed using a scatterplot, and correlation was tested using the Spearman correlation analysis. For all statistical analysis, a significance level of α = 0.05 was used.
Laterality index in MFG versus BA
The language laterality index (LI) was calculated using the standard LI [5, 28, 29] 
, where L and R are the numbers of voxels in given ROIs in the left and right hemispheres, respectively. The LI ranged from −1 (complete right dominance) to +1 (complete left dominance). Consistent with prior studies [29] [30] [31] , we defined right hemisphere language laterality as −1 ≤ LI < −0.2, bilaterality as −0.2 ≤ LI ≤ 0.2, and left hemisphere language laterality as 0.2 < LI ≤ 1.
Correlation between LIs in MFG and BA was investigated using the Spearman correlation analysis. A histogram of the LI distribution in MFG and BA was plotted, the mean LIs in the MFG and BA were calculated, and statistical significance was assessed using the signed-rank test.
Effects of tumor grades
Subjects were categorized into those with high-grade or lowgrade tumors. The mean LIs in the high-versus low-grade groups were calculated in both ROIs. LI differences between high-grade and low-grade tumors in each ROI were assessed using rank-sum test. LI differences between ROIs in both high-grade and low-grade tumors were assessed using signed-rank test.
Results

Voxel activation
The relationship between activated voxel counts in the MFG and BA is presented in Fig. 1 . There was a significant positive correlation between the voxel activations in the left MFG and BA (Spearman r = 0.69, p < 0.001).
Thirty-nine of the 52 subjects (75 %) had a greater number of voxels activated in the MFG than in BA compared to 13 (25 %) who had a greater number of voxels activated in BA. The mean voxel count was greater in the MFG compared to BA (314.8 vs 216.2, p < 0.001, signed-rank test).
Laterality indices
There was a significant positive correlation between the LIs in the MFG and BA (Spearman r = 0.62, p < 0.001). Of the 52 subjects, 29 (56 %) demonstrated left laterality in both MFG and BA, 7 (13 %) had left laterality for MFG and bilaterality for BA, and 5 (10 %) had bilaterality for MFG and left laterality for BA. These findings are summarized in Fig. 2 . An example case of left laterality in MFG and bilaterality in BA is shown in Fig. 3 .
The distributions of LIs in MFG and BA are presented in a histogram in Fig. 4 . Of the 52 subjects, 39 (75 %) demonstrated left laterality (LI >0.2) in the MFG, compared to 35 (67 %) in the BA. Ten subjects (19 %) showed bilaterality (−0.2 ≤ LI ≤ 0.2) in MFG, and ten (19 %) showed bilaterality in BA. Three (6 %) showed right laterality (LI <−0.2) in MFG, compared to seven (13 %) that showed right laterality in BA. There was no significant difference between the LIs of the two ROIs: the mean LI was 0.48 ± 0.41 in MFG and 0.39 ± 0.50 in BA (p = 0.06, signed-rank test).
Effect of tumor grade on LI
The mean LI in MFG was 0. 
Correlation of discrepant cases with intraoperative DCS
In the ten discrepant cases (where the MFG was left lateralized and BA was right or bilateralized), we correlated the fMRI findings with intraoperative DCS. Due to heterogeneity of tumor location, DCS was performed as clinically necessary in three of the ten discrepant cases. Of the three cases that underwent DCS in putative language areas, all of them elicited speech arrest in the left hemisphere. Such cases were subjects 34 (left-lateralized MFG, right-lateralized BA), 43 
Discussion
The purpose of this study was to test the hypothesis that the MFG can be used as an additional indicator in determining language hemispheric dominance in brain tumor patients. We Fig. 3 Axial fMRI cross section of a 50-year-old man with glioblastoma in the left parietal lobe (subject no. 40). In this case, language fMRI revealed bilaterality in BA (blue arrows) and left laterality in MFG (purple arrows). MFG may be helpful in such a case where BA is equivocal for language hemispheric dominance found that voxel activation in the MFG correlated to that in BA and that the MFG had more activated voxels than BA did during language task. Similarly, we found that LIs in MFG correlated to LIs in BA. In other words, the greater the LI was in BA, the greater it was in the MFG. While the MFG had higher average LI than BA did, we found no significant differences in language lateralization between MFG and BA. In most cases, both MFG and BA showed robust left language lateralization as expected.
While the MFG has been shown to be involved in language processing [32] [33] [34] , research characterizing its exact role is limited. Studies of patients with temporal lobe epilepsy showed increased activation in the superior and MFG [35, 36] . Another study of temporal lobe epilepsy patients found that asymmetric activation in the MFG correlated with WADA determination of language hemispheric dominance [6] . Other studies in brain tumor patients similarly found MFG activation during fMRI language tasks [20, 21] . This study provided a comparative measure of MFG's utility relative to BA in determining language lateralization. As a clinical tool for assessing language hemispheric dominance, BOLD fMRI activation of the MFG has a greater volume compared to that of BA. This confers an advantage to the clinician as the MFG's larger volume facilitates in visual identification of language activation without the need for brain standardization.
We examined the effects of tumor grade on language lateralization. We found that high-grade tumors were associated with lower language lateralization as compared to low-grade tumors. Additionally, we found that high-grade tumors exhibit higher variance in LI distribution. Previous studies have suggested that tumor neovasculature diminished fMRI activation in the tumor hemisphere [37] [38] [39] , affecting the fMRI determination of true laterality for language. High-grade tumors can induce neurovascular decoupling, altering the hemodynamic relationship between neuronal activity and blood flow [8] . Abnormal blood flow may be the reason for the relatively higher variance in LIs in patients with high-grade tumors; such an uncoupling response may impair the fMRI measurement of true language lateralization in brain tumor patients. This is consistent with previous literature which demonstrated that right-handed patients with neoplasms affecting Broca's and Wernicke's areas in the left hemisphere had lowered LIs compared to normal controls [24] .
BA was used as the primary metric, as word generation tasks more reliably activate BA than they activate Wernicke's area [6, 21, 40] . The decision to use one silent word generation language task instead of a panel of tasks was motivated by recent studies suggesting that a single silent word generation task is adequate to activate expressive (e.g., MFG and BA) language areas [41] [42] [43] . As this study does not investigate receptive language areas (e.g., Wernicke's area), the use of additional language tasks was felt to be unnecessary as they can introduce potential confounders. Additionally, Pillai et al. showed that receptive language paradigms were less effective than silent word generation task (such as the verbal fluency task) for language lateralization [43] . Therefore, to avoid potential loss of power, a single silent word generation task such as the verbal fluency task served the purpose of this study.
A major limitation of this study is the assumption of left brain dominance for language as ground truth. As previous studies have shown [6, 44] , there is no standard criterion for assessing language hemispheric dominance. We selected our study population to be 100 % right-handed patients with one neuroepithelial neoplastic lesion in the left hemisphere because the vast majority (∼96 %) of right-handed people are left brain dominant for language [45, 46] . Our selection criteria ensured the best possibility of attaining a population with true left-brain dominance for language. With that said, it is possible that a few subjects in our study were natively bilateral or even right brain dominant for language. We supplemented this limitation by correlating the ten discrepant cases (the cases in which MFG was left lateralized and BA was right or bilateralized) with intraoperative DCS. Due to heterogeneity of tumor location, DCS was performed in three cases of the ten discrepant cases. Of those three cases that underwent DCS, all of them elicited speech arrest in the left hemisphere. This demonstrated that in the three cases where MFG showed left laterality and BA showed right or bilaterality, DCS confirmed left hemisphere language participation. Although bilaterality cannot be ruled out, this finding demonstrated that the MFG activations in the left hemisphere in these patients were not false positives. Conversely, in the two cases of rightlateralized MFG with confirmed DCS of the left brain, speech arrest was not elicited in either the left-lateralized BA case or the right-lateralized BA case. This demonstrated that nonactivation of the left-hemispheric MFG was not false negative. Taken together, DCS suggests preliminarily that MFG activation on a verbal fluency task shows sensitivity and specificity that are at least on par with BA activation, if not better.
It is important to note that results in analyses such as these vary markedly as a function of choices made in analyses. For instance, results can vary with the choice of threshold for laterality indices (as elsewhere, we elected to set values within 0.2 of 0 to represent bilateral) or with the thresholds used for excluding activation (we selected a cut value of 8 %, as arbitrarily used elsewhere) [27] .
In assessing the anatomical relationship of an eloquent area adjacent to a brain tumor, intraoperative DCS remains the gold standard. However, DCS is imperfect. DCS assessment is limited to the cortical surface and can miss eloquent areas deep to the surface. Additionally, DCS of one hemisphere cannot rule out language participation in the contralateral hemisphere. As there is no perfect modality, the clinician should assess language hemispheric dominance in brain tumor patients individually, using multiple diagnostic indicators. For example, recent literature proposed that crossed cerebrocerebellar lateralization can be used as an additional diagnostic feature to determine language dominance in brain tumor patients [47] . When language lateralization based on BA is equivocal, additional indicators can be helpful. We propose that BOLD fMRI activation in MFG is one additional indicator to add to the growing clinical toolbox for noninvasive presurgical assessment of language hemispheric dominance in brain tumor patients.
Conclusion
MFG is comparable to BA in its ability to determine hemispheric dominance for language when using a verbal fluency task. High-grade tumors are associated with lower language lateralization indices than low-grade tumors in both MFG and BA. In cases where the results based on BA are equivocal, analysis of the MFG may provide an additional assessment of language lateralization. MFG may be an adjunct measure in the clinical determination of language laterality using fMRI in brain tumor patients.
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